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INTRODUCTION {#jbmb34155-sec-0001}
============

Coronary artery disease (CAD) remains the most important contributor to the mortality associated with cardiovascular diseases (CVDs). The most promising minimally invasive treatment of CAD is a procedure known as angioplasty which involves mechanical widening of narrowed blood vessels by inserting a collapsed balloon guided by a thin wire into the narrowed section of the artery which is then inflated, forcing the artery open.[1](#jbmb34155-bib-0001){ref-type="ref"} Insertion of a cardiovascular stent then supports these widened blood vessels. Such a stent, on the one hand, has to allow good mechanical support of the blood vessel and, on the other hand, has to fulfil certain cyto‐ and hemocompatibility requirements: aside from being non‐toxic and non‐hemolytic cardiovascular stent devices should also be associated with minimal thrombogenicity and inflammatory induction.[2](#jbmb34155-bib-0002){ref-type="ref"} In this context, rapid re‐endothelialization of the arterial intraluminal wall and the intraluminal stent surface greatly benefits the prevention of the main causes of stent failure---in‐stent restenosis and thrombosis.[3](#jbmb34155-bib-0003){ref-type="ref"} Drug‐eluting stents have brought a progress in terms of reducing the restenosis rate by inhibiting the proliferation of vascular smooth muscle cells. However, issues related to the reduction of endothelial cell proliferation (and therefore inhibition of the re‐endothelialization process) and the risk of late stent thrombosis and myocardial infarction remain unresolved.[4](#jbmb34155-bib-0004){ref-type="ref"} In order to solve these problems, it is necessary to eliminate the adverse effects of the anti‐proliferative drugs on endothelial cell proliferation and accelerate the endothelium regeneration, which is considered the best anti‐hemolytic, anti‐thrombotic and anti‐inflammatory surface.[3](#jbmb34155-bib-0003){ref-type="ref"}, [4](#jbmb34155-bib-0004){ref-type="ref"}, [5](#jbmb34155-bib-0005){ref-type="ref"}

Surface topography has emerged as a major tool to control and influence different cellular cues, such as cell size, shape, adhesion, migration and proliferation.[6](#jbmb34155-bib-0006){ref-type="ref"}, [7](#jbmb34155-bib-0007){ref-type="ref"} Literature collects the effect of surface topography in a wide variety of cell types and substrates including several types of endothelial cells (ECs).[8](#jbmb34155-bib-0008){ref-type="ref"}, [9](#jbmb34155-bib-0009){ref-type="ref"}, [10](#jbmb34155-bib-0010){ref-type="ref"}, [11](#jbmb34155-bib-0011){ref-type="ref"}, [12](#jbmb34155-bib-0012){ref-type="ref"}, [13](#jbmb34155-bib-0013){ref-type="ref"}, [14](#jbmb34155-bib-0014){ref-type="ref"}, [15](#jbmb34155-bib-0015){ref-type="ref"}, [16](#jbmb34155-bib-0016){ref-type="ref"}, [17](#jbmb34155-bib-0017){ref-type="ref"}, [18](#jbmb34155-bib-0018){ref-type="ref"} Among all the types of topographical features that have been analyzed (e.g., grooves, pillars and pores in micro or nano dimensions), anisotropically patterned surfaces with grooves or gratings of sub‐cellular dimensions, created by lithography‐based techniques on different flat substrates, were found to have a major influence on the regeneration of a healthy endothelial cell monolayer of human vascular vein endothelial cells (HUVECs).[12](#jbmb34155-bib-0012){ref-type="ref"}, [14](#jbmb34155-bib-0014){ref-type="ref"}, [17](#jbmb34155-bib-0017){ref-type="ref"}, [18](#jbmb34155-bib-0018){ref-type="ref"} But, so far, no study has been reported on human cardiac microvascular endothelial cells (HCMECs).

Although these studies showed promising results, there is a concern about their direct application on stents: the patterning methods currently applied (lithographic‐based techniques, bioprinting, and photopolymerization) are restricted to planar substrates or a narrow range of biocompatible materials, which are difficult to adapt to large 3D surfaces, and are not compatible with the production technologies used during polymeric stent fabrication (i.e., extrusion, laser cutting of the struts, and surface coating with drugs).[19](#jbmb34155-bib-0019){ref-type="ref"}, [20](#jbmb34155-bib-0020){ref-type="ref"} So far, the *in vivo* effect of surface patterning was only analyzed on the internal or external part of bare metal stents and was found to promote re‐endothelialization and decrease neointima formation of HUVECs and human aortic endothelial cells.[21](#jbmb34155-bib-0021){ref-type="ref"}, [22](#jbmb34155-bib-0022){ref-type="ref"} While Liang et al. modified the external part of the stent by ultra‐short pulsed laser ablation, which is not possible in case of the inner surface due to the limitations of the applied laser technology, Sprague and colleagues used chemical etching for inner surface patterning. Cutiongco et al.[23](#jbmb34155-bib-0023){ref-type="ref"} reported a new method for tubular molding and luminal surface patterning of a poly(vinyl alcohol) (PVA) hydrogel by dip‐casting a cylindrical mold, coated with polydimethylsiloxane thin‐film stamps, in a crosslinking PVA solution, and performed a proof‐of‐concept study in rats: they saw significant EC attachment and patency on the luminal surface of the PVA grafts patterned with 2 µm gratings after 20 days, but intimal hyperplasia also occurred. Moreover, manufacturing of high aspect tubes containing inner stripes has been explored in the medical sector to produce silicone catheters by the extrusion tubing technology.[24](#jbmb34155-bib-0024){ref-type="ref"} In this approach, the inner geometry corresponds to the surface pattern manufactured on the extrusion mandrel, which is replicated during silicone extrusion. However, this technology has not been applied to the manufacturing of implantable devices. In this scenario, the gap between research progress and clinical products remains large and needs to be immediately addressed.[25](#jbmb34155-bib-0025){ref-type="ref"} Hence, the role of the biomaterial properties and surface patterning on the endothelialization process, as well as the selection and validation of a high throughput surface patterning technology adapted to the current stent production strategies are still a major issue to solve for the next generation of vascular stents such as bio‐resorbable vascular stents.

The aim of this work was to determine the optimal surface topography (microgroove‐pattern) able to favor endothelialization on a PEG‐functionalized poly‐[l]{.smallcaps}‐lactide (PLLA‐PEG550, a highly promising, controllable and adaptable approach for enhancing the degradation rate of PLLA to the requirements of the bio‐resorbable stent application[26](#jbmb34155-bib-0026){ref-type="ref"}) using the direct, contactless and versatile method of picosecond laser patterning. Laser direct ablation with ultra‐short pulses (femtosecond and picosecond pulses) has emerged as a fast, precise and direct method for 3D micro‐structuring of a wide variety of substrates and geometries. For shorter pulses, minor is the affectation of the material around the ablation zone and higher the quality and precision of the generated feature. However, shorter pulses involve also longer processing times and lower process robustness, which work against the process scalability. At this respect, a commitment can be reached by applying picosecond laser pulses to ensure enough precision and quality in feature generation at the microscale without negative impact in the process scalability. A series of *in vitro* cell culture tests were conducted with these laser‐patterned biodegradable PLLA‐PEG550 samples to thoroughly evaluate cyto‐ and hemocompatibility. While the focus of this study was the analysis of endothelialization potential using HCMECs we also analyzed other biocompatibility properties: in addition to simple cytotoxicity and hemolysis analyses as required by ISO 10993--4 and −5,[27](#jbmb34155-bib-0027){ref-type="ref"} platelet adhesion as well as leucocyte activation were studied.

MATERIALS AND METHODS {#jbmb34155-sec-0002}
=====================

Materials {#jbmb34155-sec-0003}
---------

Poly(‐ethylene glycol) (Mn = 550) functionalized Poly‐[l]{.smallcaps}‐lactide (PLLA‐PEG550) was synthesized and supplied by Vornia Ltd. (Synergy Centre, Tallaght, Ireland). The purity of PLLA‐PEG550 polymer was confirmed by GPC and ^1^HNMR as can be seen in supplementary data Part I. PLLA‐PEG550 sheets of approximately 300 µm of thickness were obtained by hot embossing (Jenoptik HEX03). Under these conditions, the PLLA film is hydrophilic (contact angle = 71.1° ± 0.2°) in air at 23°C. Medical grade polymers (PL18 and PL38, PURASORB) were used as controls.

Micro‐patterning technique {#jbmb34155-sec-0004}
--------------------------

Surface patterning of PLLA‐PEG550 sheets was carried out by means of a picosecond pulse Nd:YVO~4~ laser (RAPID: Lumera Laser), which is integrated in a micromachining workstation by 3D‐Micromac. A detailed description of the laser system used for surface micropatterning can be found in supplementary data Part II. Table [1](#jbmb34155-tbl-0001){ref-type="table"} shows a description of the groove‐patterns considered for the study.

###### 

Description of Dimensions of the Patterns Generated by Picosecond Pulse Laser Ablation on the PLLA‐PEG550 Sheets

  Substrate    Width, w (µm)   Depth, d (µm)   Spacing, s (µm)
  ----------- --------------- --------------- -----------------
  Control            0               0                0
  LSC1              13               2                5
  LSC2              13               2               10
  LSC3              13               2               15
  LSC4              13               2               20
  LSC5              13               2                5
  LSC6              15               4                5
  LSC7              20               6                5
  LSC8              25               7                5

Cyto‐ and hemocompatibility studies {#jbmb34155-sec-0005}
-----------------------------------

Brief description of compatibility studies is given here while detailed methods can be found in supplementary data Part III.

### *Cell culture* {#jbmb34155-sec-0006}

The mouse fibroblast cell line L929 was obtained from DSMZ (Leibniz‐Institut DSMZ ‐ Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany) and the primary cells HCMEC were obtained from PromoCell (Heidelberg, Germany). Both were cultured according to the manufacturer\'s protocol. Materials were supplied as sterilized discs (electron beam‐processed). These were washed three times with sterile water and equilibrated in respective cell culture medium for 30 min before use in the assays.

### *General cytocompatibility assay using L929 cells (multiplex assay)* {#jbmb34155-sec-0007}

L929 cells were seeded on top of material discs and grown for 24 h under standard cell culture conditions. Tissue culture‐treated polystyrene (TCPS) plates were used as controls for ideal cell growth, lysed cells and staurosporine treated cells were used as positive controls for cytotoxicity and apoptosis, respectively. After 24 h of incubation the cell culture supernatants were transferred into black 96 well plate and subjected to cytotoxicity analysis using the CytoTox‐ONE™ Homogeneous Membrane Integrity Assay (Promega, Mannheim, Germany) and following the manufacturer\'s protocol. Directly after supernatant removal for cytotoxicity analysis cell viability was analyzed using the CellTiter‐Blue^®^ Cell Viability Assay (Promega) and following the manufacturer\'s protocol. Directly after supernatant removal for viability measurement cells were subjected to apoptosis analysis using the Apo‐ONE^®^ Homogeneous Caspase‐3/7 Assay (Promega) and following the manufacturer\'s protocol. Measurements were done in quadruplicate.

### *Endothelial cell adhesion* {#jbmb34155-sec-0008}

HCMECs were seeded on top of material discs and grown for 24 h under standard cell culture conditions. TCPS plates were used as controls for ideal cell growth. For cell viability monitoring cells were stained using the Live/Dead Cell Staining Kit II (PromoKine, Heidelberg, Germany) according to the manufacturer\`s protocol followed by fluorescence microscopy using the IX 51 microscope (Olympus, Hamburg, Germany). Average cell numbers were counted from at least 10 different images per sample type. For visualization of cell adhesion and morphology immunofluorescent staining was conducted. Vinculin was stained using hVIN‐1 primary antibody (Sigma‐Aldrich) and AlexaFluor 488‐coupled anti‐mouse (Molecular Probes, Thermo Fisher Scientific) as secondary antibody. F‐actin was stained using PromoFluor 546‐coupled phalloidin (PromoKine) followed by DAPI staining (PromoKine). Alignment of cell nuclei was quantified by ImageJ, using images of 3 to 5 different areas for each type of surface.

### *Blood collection* {#jbmb34155-sec-0009}

Fresh human whole blood was collected as per appropriate legal and ethical guidelines with informed consent of donor.

### *Hemolysis* {#jbmb34155-sec-0010}

The hemolysis testing was done based on the protocol by Wang et al.[28](#jbmb34155-bib-0028){ref-type="ref"} with slight modifications. Material discs were placed into the wells of a PS 24 well plate. As negative control, PS wells without material discs and as positive control of complete red blood cell lysis 980 µL of distilled water was used. To each well 20 µL of pre‐diluted blood was added and incubated for 60 min at 37°C with slow shaking. Hemolysis was assessed by measuring hemoglobin absorbance of cell‐free solution. Measurements were done in quadruplicate.

### *Platelet adhesion and activation* {#jbmb34155-sec-0011}

Platelet‐rich plasma (PRP) was isolated from LH blood according to the description from Parnham and Wetzig.[29](#jbmb34155-bib-0029){ref-type="ref"} Material discs were placed into the wells of a 24 PS well plate. After washing with 0.9% NaCl solution the discs were incubated at 37°C for 1 h with 500 µl of PRP. Adhered platelets were visualized using F‐actin staining as described for HCMECs.

### *Leucocyte activation* {#jbmb34155-sec-0012}

Material discs were placed into the wells of a PS 24 well plate and incubated at 37°C for 1 h with 500 µL of LH blood. Lipopolysaccharides (LPS) were used as positive control. From each sample, the plasma was isolated and leucocyte activation was assessed based on expression analysis of polymorphonuclear neutrophil (PMN) elastase using the PMN elastase ELISA (Demeditec, Kiel, Germany) according to the manufacturer\`s protocol. Measurements were carried out in quadruplicate.

### *Statistical analysis* {#jbmb34155-sec-0013}

Values are given as mean together with the standard deviation. Statistical significance was determined using independent sample t‐tests. The Bonferroni method was used to adjust for comparison of each sample to the TCPS or PS control. Table [2](#jbmb34155-tbl-0002){ref-type="table"} states the *p*‐values and samples sizes considered for each experiment.

###### 

Description of Sample Size and *p*‐Values for Each Cell Assay

  Assay                   Sample Size (N)   p‐Value
  ---------------------- ----------------- ---------
  Multiplex assay               11          0.0045
  Hemolysis                      9          0.0056
  Leucocyte activation           3          0.0167

RESULTS {#jbmb34155-sec-0014}
=======

Surface patterning of PLLA‐PEG550 films {#jbmb34155-sec-0015}
---------------------------------------

Grooves of different dimensions were fabricated on the polymeric films varying laser parameters. Frequency and overlapping distance between pulses were fixed to a value that optimizes groove quality and precision. The energy per pulse applied on the surface of the material was varied to obtain grooves of different width and depth and the dependence of groove width (w, circular dots) and depth (d, squared dots) on the laser pulse energy is shown on Figure [1](#jbmb34155-fig-0001){ref-type="fig"}(a). Laser ablation of PLLA‐PEG550 induced pore formation inside the ablated grooves whereby pore formation inside the grooves occurred over the whole energy range, although pore density was reduced when high energies were applied \[Figure [1](#jbmb34155-fig-0001){ref-type="fig"}(b + c\].

![Groove width (circular dots) and depth (squared dots) as a function of the laser energy per pulse (a). SEM images of grooves obtained by laser ablation on PLLA‐PEG550 at low (b) and high energies (c). Groove dimensions at these energy levels are marked with dotted (low energy) and dashed (high energy) lines in (a).](JBM-107-624-g001){#jbmb34155-fig-0001}

The analysis of the effect of different surface microgrooves configuration on cell viability was carried out by modifying the geometrical dimensions and density of grooves. In a first trial (Configuration 1), the effect of the inter‐groove spacing (*s*) was analyzed by keeping constant the geometrical parameters *w* and *d* (*w* = 11 µm, *d* = 1.5 µm) and varying *s* from minimum distance of 5 µm, to a maximum distance of 20 µm (Figure [2](#jbmb34155-fig-0002){ref-type="fig"}). After *in vitro* tests on PLLA‐PEG550 samples following the Configuration 1, an optimal value of the inter‐groove spacing was determined and fixed for the second laser ablation trial (Configuration 2) where groove dimensions were changed as shown in Figure [3](#jbmb34155-fig-0003){ref-type="fig"}.

![SEM images of laser‐fabricated grooves on PLLA‐PEG550 varying the spacing between grooves (*s*) (Configuration 1): *s* = 5 µm (LSC1), *s* = 10 µm (LSC2), *s* = 15 µm (LSC3), and *s* = 20 µm (LSC4).](JBM-107-624-g002){#jbmb34155-fig-0002}

![SEM images of laser‐fabricated grooves on PLLA‐PEG550 varying the groove dimensions (*w*, *d*) (Configuration 2): *w* = 13 µm, *d* = 2 µm (LSC5), *w* = 15 µm, *d* = 4 µm (LSC6), *w* = 20 µm, *d* = 6 µm (LSC7), and *w* = 25 µm, *d* = 7 µm (LSC8).](JBM-107-624-g003){#jbmb34155-fig-0003}

*Cyto‐ and hemocompatibility studies* {#jbmb34155-sec-0016}
-------------------------------------

In vitro cell culture analyses of the non‐patterned and patterned PLLA‐PEG550 surfaces described above were carried out with L929 cell line according to ISO 10993--5[30](#jbmb34155-bib-0030){ref-type="ref"} to assess cytotoxicity and primary endothelial cells (HCMEC) in order to test endothelialization potential. In addition, hemocompatibility was analyzed by hemolysis testing, platelet adhesion assay and leucocyte activation test as described in the methods section.

### *Cytocompatibility analysis using L929 cell line* {#jbmb34155-sec-0017}

Basic cytocompatibility was assessed using a direct contact format and analyzing three different parameters in multiplex. L929 cell adhesion to the different surfaces was quantified using the cell viability measurement while in addition material toxicity and apoptosis induction were assessed. The multiplex assay results (Figure [4](#jbmb34155-fig-0004){ref-type="fig"}) demonstrate good cytocompatibility of all tested grooved surfaces. The cell viability measurement indicates the number of cells that adhered to the different surfaces. As can be seen in Figure [4](#jbmb34155-fig-0004){ref-type="fig"} no difference in L929 cell adhesion was observed among PLLA‐PEG550 samples---patterned or not. All surfaces showed absolutely no cytotoxicity and no significantly elevated apoptosis induction compared to flat PLLA‐PEG550 control. Only LSC1 surface showed slightly but not significantly elevated apoptosis in comparison to TCPS. The data show that the polymer and the laser micropatterns are non‐toxic and did not present any other negative effect on cells in direct contact with the films. No significant differences in terms of viability, toxicity and apoptosis levels were observed when results were compared for PEG‐functionalized PLLA over neat PLLA controls (PL18 and PL38).

![Multiplex assay results of viability, cytotoxicity, and apoptosis measurements using L929 cells seeded directly onto nonpatterned and laser‐patterned PLLA‐PEG550 surfaces and grown for 24 h. TCPS and neat PL18 and PL38 substrates were used as controls. Cell viability results are depicted in % compared to TCPS. Cytotoxicity was analyzed using lysed cells as positive control (100% of cell lysis). Apoptosis induction was measured using staurosporine induced cells as positive control (100% of apoptosis). *N* = 11, *p* values = 0.0045. Not significant difference was detected for each surface compared to TCPS.](JBM-107-624-g004){#jbmb34155-fig-0004}

### *Endothelial cell adhesion* {#jbmb34155-sec-0018}

Endothelial cell adhesion was assessed using primary HCMEC, which line the coronary microvasculature *in vivo* and therefore are better suited to represent the actual situation than commonly used HUVECs. Representative micrographs of HCMECs 24 hours after seeding onto the different substrates and stained using live/dead staining are depicted in Figure [5](#jbmb34155-fig-0005){ref-type="fig"} and average cell numbers are given in Figure [6](#jbmb34155-fig-0006){ref-type="fig"}. Cell adhesion was greatly reduced on flat PLLA‐PEG550 and samples with laser configurations LSC1--4 to 20--40% when compared to the TCPS control of perfect cell adhesion and spreading (100%). However, we observed a gradual increase in number of healthy adherent cells on micropatterned samples of configurations LSC5--8 to up to 80% of adherent cells in LSC7 and LSC8 (Figure [6](#jbmb34155-fig-0006){ref-type="fig"}). While cells on flat PLLA‐PEG550 and LSC1--4 showed a rather round or slightly elongated morphology accompanied by little spreading and formation of cell clumps ECs on LSC5--8 exhibited more and more elongation and spreading with formation of appendices (Figure [5](#jbmb34155-fig-0005){ref-type="fig"}). Moreover, microgroove pattern configurations led to cell alignment, especially in case of LSC7 and LSC8 (LSC7: *w =* 20 µm*, d =* 6 µm, and *LSC8: w =* 25 µm*, d =* 7 µm), which was analyzed by measuring nucleus orientation angles (Figure [7](#jbmb34155-fig-0007){ref-type="fig"}) for these two laser configurations. In both patterns about 60% of the cells were oriented along the groove direction with a small deviation angle of ± 15°, while 85% of cells were oriented with a deviation angle of ± 30° with respect to the trend.

![Representative micrographs of HCMECs 24 h after seeding onto the nonpatterned and patterned PLLA‐PEG550 surfaces and stained using live/dead staining (green, living cells; red, nuclei of dead cells). Scale bar represents 100 µm.](JBM-107-624-g005){#jbmb34155-fig-0005}

![Average endothelial cell numbers on the different PLLA‐PEG550 surfaces. Grey‐scale corresponds to cell morphology (from dark, very good cell morphology; to light, poor morphology and spreading).](JBM-107-624-g006){#jbmb34155-fig-0006}

![Polar graphs showing the angle of orientation of the cell nuclei on the LSC7 and LSC8 PLLA‐PEG550 surfaces (two samples each). Each spot represents one cell nucleus. The dashed line represents the main trend observed for cell nucleus‐orientation angle.](JBM-107-624-g007){#jbmb34155-fig-0007}

Immunofluorescent staining was used to assess cytoskeleton appearance (F‐actin) and focal adhesion points (vinculin) of cells on flat PLLA‐PEG550 compared to LSC7 and LSC8 patterns (Figure [8](#jbmb34155-fig-0008){ref-type="fig"}). On unpatterned PLLA‐PEG550 HCMECs showed random spreading with the formation of rounded protrusions while F‐actin staining was most pronounced at cell edges and often appeared in ruffles and vinculin was mostly seen in the cytoplasm around the nucleus. Only few focal adhesion points with high vinculin presence could be observed around the edges. Cells on the patterned films (LSC 7 and LSC8) showed a clear elongation along the groove direction accompanied by many and sometimes quite long protrusions reaching into the grooves. F‐actin cytoskeleton was most prominent around cell rims and at protrusion sites while vinculin was more focused in adhesion plaques (lines of strong vinculin staining) on the underside of the endothelial cells.

![Immunofluorescent staining of HCMECs on the patterned PLLA‐PEG550 surfaces (LSC7 and LSC8) compared to the flat substrate. Enlarged sections are shown in lower panel. Vinculin is shown in green (Vinculin‐rich regions marked with V), F‐actin in red (F‐actin‐rich areas marked with A) and nuclei (DAPI) in blue. Scale bars correspond to 50 and 10 µm, respectively.](JBM-107-624-g008){#jbmb34155-fig-0008}

### *Hemocompatibility* {#jbmb34155-sec-0019}

Hemolysis testing is required for the evaluation of biomaterials intended for stent devices according to DIN EN ISO 10993--4.[31](#jbmb34155-bib-0031){ref-type="ref"} Figure [9](#jbmb34155-fig-0009){ref-type="fig"}(a) shows results from the hemolysis testing performed on the non‐patterned and patterned PLLA‐PEG550 surfaces using human whole blood (diluted) and PS as control. As can be seen in the figure, none of the surfaces induces hemolysis or blood toxicity (hemolysis ratios \<2% corresponds to non‐hemolytic surface as described by van Oeveren[32](#jbmb34155-bib-0032){ref-type="ref"}) The two best pattern configurations in terms of endothelial cell adhesion (LSC7 and LSC8) were selected to evaluate the inflammatory induction by measuring the leucocyte activation marker PMN elastase \[Figure [9](#jbmb34155-fig-0009){ref-type="fig"}(b)\]. The selected pattern configurations led to a slight but significant increase in PMN elastase expression compared to the non‐patterned PLLA‐PEG550 and the PS controls, although LSC7 to a lesser degree than LSC8.

![Hemolysis testing performed with all the PLLA‐PEG550 surfaces using human blood and polystyrene (PS) dishes as control. In lysis control blood lysis was induced by dilution in pure water instead of 0.9% NaCl (a). *N* = 9, *p* values = 0.0056. Not significant difference was detected compared to PS control. Leukocyte activation tested using PMN elastase levels from human blood incubated with non‐patterned and patterned (LSC7--8) PLLA‐PEG550 surfaces. 100 ng/mL lipopolysaccharides (LPS) from *Escherichia coli* were used to induce partial leucocyte activation (b). *N* = 3, *p* values = 0.0167. Both LSC7 and LSC8 show a significant increase compared to PS.](JBM-107-624-g009){#jbmb34155-fig-0009}

In addition, platelet adhesion to the selected materials was evaluated based on their morphology as an indicator of material thrombogenicity. Figure [10](#jbmb34155-fig-0010){ref-type="fig"} shows exemplary micrographs of platelets adhered to patterned (LSC8) and non‐patterned PLLA‐PEG550 surfaces. While non‐patterned PLLA‐PEG550 had low platelet adhesion and spreading, the patterned surfaces showed increased platelet adhesion to the groove areas. Platelet morphology was more spread with some platelets aggregating on top of those spread platelets (categorization of platelet morphology was done according to Ko et al.[33](#jbmb34155-bib-0033){ref-type="ref"})

![Exemplary micrographs of human platelets on nonpatterned and patterned (LSC7 and LSC8) PLLA‐PEG550 surfaces in two magnifications. Platelet‐rich plasma was incubated on the materials for 1 h and adherent platelets were visualized using F‐actin staining. Scale bar represents 50 and 10 µm, respectively.](JBM-107-624-g010){#jbmb34155-fig-0010}

DISCUSSION {#jbmb34155-sec-0020}
==========

The PEG‐modified PLLA material (PLLA‐PEG550) which was designed to allow for enhanced control over the degradation profile (see details about the material in supplementary data Part I) did not show significant differences in its cytocompatibility with L929 cell line, compared to the medical grade PL18 and PL38 neat polymers which are currently used in today\'s bio‐resorbable stent manufacturing. Therefore, the new strategy developed by Vornia in collaboration with the University of Cambridge[26](#jbmb34155-bib-0026){ref-type="ref"} for tuning the degradation rate of PLLA by incorporating PEG in the chemical structure of the bulk has been achieved without causing an unwanted effect on the material cell compatibility. PLLA‐PEG materials will not be affected by the laser micropatterning, given that the effects produced by the laser on the material are limited to the topmost surface layer of the material (\<10 nm) and no chemical or structural bulk properties are modified.[34](#jbmb34155-bib-0034){ref-type="ref"} In addition, since PLLA is a bulk eroding polymer,[35](#jbmb34155-bib-0035){ref-type="ref"} surface treatments should not have a major influence on the degradation rate of the material.

Laser ablation was applied successfully on PLLA‐PEG550 to generate grooves of good quality and precision, enabling a fast and swift variation of pattern geometry and density. Groove dimensions (width and depth) were dependent on the used laser pulse energy and therefore we could generate a range of different ridge and groove topographies. The resulting grooves were characterized by pore formation inside of the grooves for the entire range of energies considered, a phenomenon also described in a former report about picosecond pulsed laser ablation on medical grade PLLA.[36](#jbmb34155-bib-0036){ref-type="ref"} The pores showed an average diameter of approximately 2 micrometers.

The effect of these laser‐fabricated grooves on general cytocompatibility using L929 cell line was analyzed and we found that all the surfaces showed no cytotoxicity or apoptosis induction, without significant differences between non‐patterned and patterned PLLA‐PEG550 surfaces. These results indicate that the laser ablation technology is perfectly suited to produce cell adhesion substrates for medical implants. The adhesion of HCMECs was studied in more detail in order to evaluate the potential of different groove dimensions to promote cell attachment and orientation. We found that HCMEC adhesion and alignment were encouraged when ECs were seeded on the patterned surfaces with increased width and depth: HCMEC adhesion increased from approximately 20% (percentage adherent viable ECs with respect to that observed on standard TCPS), on the non‐patterned PLLA‐PEG550 surface, to 80% on the patterned surfaces with grooves 20--25 µm wide and 6--7 µm deep. The general trend settled in literature is that EC elongation and spreading are encouraged on grooved nanopatterns or low range‐micropatterns.[9](#jbmb34155-bib-0009){ref-type="ref"}, [10](#jbmb34155-bib-0010){ref-type="ref"}, [12](#jbmb34155-bib-0012){ref-type="ref"}, [18](#jbmb34155-bib-0018){ref-type="ref"}, [37](#jbmb34155-bib-0037){ref-type="ref"} The laser ablation technique applied for groove generation does not allow us to distinguish between the effects of groove width and depth separately on HCMEC adhesion and alignment, since an increase of the laser energy deposited in the material leads to the simultaneous increase of groove width and depth. However, from our results we can deduce that cell adhesion, elongation and alignment were clearly promoted when groove width and depth were increased from 15 and 4 micrometers, to values of 20 and 6 micrometers, respectively. Contrary to groove width and depth, the spacing between grooves seemed to have a minor influence on ECs alignment and adhesion since no significant differences were observed when the inter‐groove spacing was increased from 5 to 20 micrometers. According to the water contact angle measurements performed on non‐patterned and patterned (LSC8) PLLA‐PEG550 sheets, the surface gets more hydrophobic after the laser ablation process, with an increase of the contact angle from 71.1° ± 0.2° to 112° ± 1°. Since the PEG content improves the hydrophilic properties of pure PLLA,[38](#jbmb34155-bib-0038){ref-type="ref"} this change in the surface wettability could be related to the removal of PEG from the topmost surface layer of the material by laser ablation; however, since the PEG was incorporated in the chemical structure of PLLA and therefore homogenously distributed in the polymer, it is more likely that the observed increase of hydrophobicity after laser micropatterning is caused by the topographical surface modification. Improvement of cell adhesion is typically linked with hydrophilic surfaces; therefore, the observed improved cell adhesion on some of the patterns (LSC7 and LSC8) must be caused by the generated topography and not by the change on surface wettability.

The typical EC width is around 20--50 micrometers. Regarding the physical constraints that grooves entail for the cells, it is reasonable to think that cells would fit better with grooves of dimensions close to their size or slightly narrower or wider. Likewise, a larger depth would lead to a stronger confinement effect. According to Eskin et al.,[39](#jbmb34155-bib-0039){ref-type="ref"} the degree of endothelial cell alignment is closely related to the level of shear stress produced by the blood flow on the cell: this suggests that the confinement produced by the deepest grooves created a similar environment for the cells, as the blood flow does *in vivo*, leading to a high cell alignment. Immunofluorescence microscopy images shown in Figure [8](#jbmb34155-fig-0008){ref-type="fig"} support also the similarities between the effect of the blood flow on endothelial cell adhesion and morphology *in vivo* [40](#jbmb34155-bib-0040){ref-type="ref"} and the effect exerted by the grooves: endothelial cells adhered to the non‐patterned PLLA‐PEG550 surface looked flat with rounded protrusions, showing F‐actin mostly confined to the edges and vinculin uniformly distributed in the cytoplasm, indicating that they were scrambling to find anchoring points for focal adhesion. This can be explained by the presence of PEG chains on the surface of the PLLA‐PEG550 material which are known to form a cell repellent surface. On the contrary, endothelial cells attached to the patterned PLLA‐PEG550 appeared elongated and vinculin staining was prominent in long focal plaques and along the protrusions indicating that the cells find many anchoring points inside of the porous grooves and on top of the spacing.

Although all the surfaces analyzed were non‐hemolytic, laser patterning clearly led to increased platelet adhesion. This might be a result of the increased roughness of the grooves due to the presence of nanopores since platelets mainly adhered inside of the porous grooves and not onto the smoother inter‐groove spacing. In the literature, the dependence of platelet adhesion on surface roughness is discussed controversially with examples of increased and decreased platelet deposition upon roughening.[41](#jbmb34155-bib-0041){ref-type="ref"}, [42](#jbmb34155-bib-0042){ref-type="ref"}, [43](#jbmb34155-bib-0043){ref-type="ref"}, [44](#jbmb34155-bib-0044){ref-type="ref"}, [45](#jbmb34155-bib-0045){ref-type="ref"} In one of these studies[41](#jbmb34155-bib-0041){ref-type="ref"} it is suggested that platelet adhesion is increased on surfaces with roughness higher than platelet dimensions (approximately 2 µm) since the contact area for platelet adhesion is higher. This observation is in good agreement with our results. Spread platelets were found on patterned PLLA‐PEG550 surfaces, while platelets on the non‐patterned PLLA‐PEG550 surfaces showed a round morphology with minor flattening evident. In addition, patterning seemed to slightly increase leucocyte activation compared to the non‐patterned PLLA‐PEG550 substrate. So far, the mechanism of neutrophil activation by a material surface is not clearly defined in literature but surface chemistry and topography were shown to influence neutrophil behavior.[46](#jbmb34155-bib-0046){ref-type="ref"}, [47](#jbmb34155-bib-0047){ref-type="ref"}

Together our results show that laser micro‐patterned surfaces are non‐toxic for a control cell line and for human cells (ECs and blood cells) and promote endothelialization in case of laser configurations with higher groove width and depth, and therefore show a high potential for cardiovascular applications. However, issues regarding platelet adhesion and spreading and leucocyte activation (related to inflammatory induction) should be addressed before applying this surface solution for promoting endothelialization on the inner surface of cardiovascular stents. Further experiments need to be performed to analyze endothelialization under conditions that simulate the *in vivo* environment, such as blood flow conditions. The simulation study performed by Pham et al.[43](#jbmb34155-bib-0043){ref-type="ref"} regarding blood flow dynamic suggests that, under flow conditions, platelet adhesion can be reduced on microstructured surfaces because of the micro shear gradient produced around the patterns. In vivo, a healthy endothelial cell layer is considered the best anti‐thrombogenic and anti‐inflammatory surface.[5](#jbmb34155-bib-0005){ref-type="ref"} Thus, the potential to promote fast endothelialization of a scaffold might overcome the slight increase in thrombogenicity due to platelet adhesion and inflammation due to leucocyte activation that we observed here.

Laser micropatterning technology can be successfully combined with polymer tubing extrusion processes via laser micromachining of the metallic mandrel (see details on Part III of the supplementary data). This allows overcoming two of the main challenges in transferring physical surface patterning technologies to clinical application, such as scalability and pattern precision.

CONCLUSIONS {#jbmb34155-sec-0021}
===========

Ultrashort pulsed laser technology has been applied on a PEG‐functionalized PLLA material to generate patterns able to promote HCMEC adhesion and elongation, emulating in some extent the effects that the blood flow has *in vivo*. Patterned surfaces were completely cyto‐compatible and increased endothelial cell adhesion threefold with respect to the non‐patterned surface. Although platelet adhesion was also observed to increase in the patterns, the results obtained at this respect are not conclusive and further experiments must be performed to investigate the balance between endothelial cell and platelet adhesion under blood flow conditions. The endothelialization promoter patterns have also been generated on a metallic extrusion mandrel proving laser technology (in combination with extrusion technologies) as a high potential method for manufacturing of advanced stents.
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